Laccase is a polyphenol oxidase, which belongs to the family of blue multicopper oxidases. These enzymes catalyze the one-electron oxidation of four reducing-substrate molecules concomitant with the four-electron reduction of molecular oxygen to water. Laccases oxidize a broad range of substrates, preferably phenolic compounds. In the presence of mediators, fungal laccases exhibit an enlarged substrate range and are then able to oxidize compounds with a redox potential exceeding their own. Until now, only one crystal structure of a laccase i n an inactive, type-2 Cu depleted form has been reported. We present here the first crystal structure of an active laccase containing a full complement of coppers, the complete polypeptide chain together with seven carbohydrate moieties. Despite the presence of all coppers in the new structure, the folds of the two laccases are quite similar. The coordination of the type-3 coppers however, is distinctly different. The geometry of the trinuclear copper cluster in the Trametes versicolor laccase is similar to that found in the ascorbate oxidase and of mammalian ceruloplasmin structures, suggesting a common reaction mechanism for the copper oxidation and the O 2 reduction. In contrast to most blue copper proteins the type-1 copper in the Trametes versicolor laccase has no axial ligand and is only 3-fold coordinated. Previously, a modest elevation of the redox potential was attributed to the lack of an axial ligand. Based on the present structural data and sequence comparisons, a mechanism is presented to explain how laccases could tune their redox potential by as much as 200 mV.
INTRODUCTION
Among the few enzymes that are able to catalyze the four-electron reduction of molecular oxygen to water are the members of the blue multi-copper oxidase (bmCuO) 1 family (for a review see Ref. 1) . The most prominent representatives of this family comprise laccase, ascorbate oxidase (AO), and mammalian plasma ceruloplasmin, which have been the subject of intensive investigations for many decades. The reduction of molecular oxygen is accompanied by a one-electron oxidation of reducing substrates. Blue copper oxidases contain at least one type-1 (T1) copper, which is presumably the primary oxidation site. Blue multi-copper oxidases typically employ at least three additional coppers; one type-2 (T2) and two type-3 (T3) coppers arranged in a trinuclear cluster. The latter, being the site at which the reduction of molecular oxygen takes place. The three different copper types can be differentiated from their spectroscopic behavior. The T1 copper has a strong absorption around 600 nm, which gives rise to the typical blue color of the copper oxidases. The T2, or "normal" copper exhibits only weak absorption in the visible region, but is EPR-active, while the two coppers of the T3 site are characterized by an absorption band at about 330 nm. They are however EPRsilent due to an antiferromagnetic coupling mediated by a bridging ligand.
4 the plant cell wall, is a heterogeneous and complex biopolymer, which consists of phenyl propanoid units linked by various non-hydrolyzable C-C-and C-O-bonds (6). For many years, it was thought that only the ligninolytic system of some white-rot fungi capable of degrading this recalcitrant polymer to a major extent involved lignin peroxidase and manganese peroxidase (7) . While the latter can only oxidize the phenolic components of lignin, lignin peroxidase, which has a high redox potential, is also capable of cleaving the non-phenolic aromatic bonds.
Since laccase alone is incapable of cleaving the non-phenolic bonds of lignin, it was not considered a significant component of the ligninolytic system, despite the secretion of large quantities of laccase by these fungi under ligninolytic conditions.
However, Bourbonnais and Paice (8) reported that laccases can catalyze the oxidation of non-phenolic benzylalcohols in the presence of a mediator, such as 2,2'-azino-bis-[3-ethylthiazoline-6-sulphonate]. This finding led to the discovery that laccase-mediator systems effectively degrade residual lignin in unbleached pulp (9) . Furthermore, laccases produced by some wood-rotting fungi from the genus basidiomyete do in fact play a major role in the bio-degradation of lignin (10) , and have the capability to oxidize recalcitrant aromatic compounds with redox potentials exceeding their own (2) . This ability has been exploited in various industrial processes such as pulp delignification (11) and bioremediation of soils and water (12) , and this area of research is the subject of intense biotechnological activity.
A question that is yet to be answered is to ascertain how these different bmCuOs modulate their redox potentials (E 0 ) (13) at the structural level, despite having very similar (14) or seemingly equal Cu coordination geometry (15 cultures grown in medium prepared as described (22) . One of the TvL isozymes could be purified to apparent iso-electrophoretic homogeneity and was used for subsequent crystallization experiments. Crystallization, data collection, using synchrotron radiation, and processing were reported previously (21) . In brief, orthorhombic crystals of space group P2 1 
RESULTS
Overall Structure -The laccase from the ligninolytic fungus Tramets versicolor could be crystallized and the structure of the fully active enzyme was determined. A n excellent electron density allowed the modeling of the complete polypeptide, all four copper ions and a total of seven N-acetyl glucoseamine moieties at five distinct Nglycosylation sites (Fig. 2) . The protein appears to correspond to the sequence encoded by the gene LccI (32), despite a few inconsistencies. In total, six amino acids of this gene sequence do not fit to the crystal structure (Tab. II). Since the corresponding electron densities are of a very good quality ( Finally, domain 3 consists of a β-barrel formed by two 5-stranded β-sheets and a 2-stranded β-sheet that, together with an α-helix and a β-turn form the cavity in which the type-1 copper is located. The tri-nuclear copper cluster (T2/T3) is embedded between domains 1 and 3, with both domains providing residues for the coordination of the coppers. The third domain has the highest helical content, with one 3 10 -helix and two α-helices located in the connecting regions between the strands of the different β-sheets. Finally, at the C-terminal end of domain 3, three sequentially arranged α-helices complete the fold. A 13 amino acids long α-helix at the C-terminal portion is stabilized by a disulfide bridge to domain 1 (Cys85-Cys488) and a second disulfide bridge (Cys117-Cys205) connects domains 1 and 2. Both Nterminal and C-terminal amino acids benefit from hydrogen bonding networks to the rest of the protein, providing sufficient rigidity so that excellent electron density can be observed for these regions in the crystal structure (Fig. 3) . A comparison of individual domains with other known structures of the blue copper proteins shows that they have essentially the same topology. However, TvL is most similar to CcL (Tab. III), as was anticipated from the close sequence relationship and from the results of the molecular replacement experiments, despite the lack of the T2 copper site i n CcL.
The electrostatic surface potential distribution of TvL reveals a dominance of negative charges, which is in accordance with the acidic pI of about 3.5. From the crystal structure of an enzyme/substrate complex (unpublished observation), we know that the substrate binds in a small negatively charged cavity near the copper T1 site. The negative charges located at this site may have functional significance, since they could stabilize the radical cation products that are formed during the catalytic cycle.
The oxygen-reducing site at the T2/T3 cluster has access to solvent through two channels, which lead to the type-3 coppers and to the type-2 copper sites, respectively 1 0 (Fig. 4) . The latter site is more exposed and more labile, compared to the other two at the T3 site. In fact, it is the T2 copper site that is deficient in copper, in the copper depleted forms of both laccase and ascorbate oxidase (20, 33) . Water molecules found in the two channels are well defined in the electron density and form numerous hydrogen bonds with the surrounding residues. Superposition of TvL with CcL and AO (PDB code 1AOZ) shows that these water molecules and the amino acids that form the channels are highly conserved. A 'two-site ping-pong bi-bi' reaction mechanism has been proposed for laccase (34) , which means that products are sphere can be best described as being distorted tetrahedral. Five of these histidines supply their Nε2 atoms and one its Nδ1 atom. The T2 copper has two Nε2 ligands from two histidines and one oxygen ligand, forming a trigonal coplanar configuration. The exact character of the oxygen ligand could not be determined from the crystal structure, as is also the case for the bridging ligand of the T3 coopers, but it is either a water or OH -molecule. The geometry of the T2/T3 cluster is very similar to the one found in the crystal structure of AO (19) . In fact, the corresponding Cu-Cu (21) is not appropriate. This is mainly because there is no T2 copper in the crystal structure of CcL and that copper depletion has profound effects on the coordination of the T3 Cu atoms. For CcL, one of the putative histidine ligands coordinates to the Cu2 of the T3 site, making this copper pentacoordinated, with four histidine ligands and the bridging ligand. The latter is now asymmetrically positioned between the two coppers, being 2.1 Å away from Cu2, but 3.1 Å from Cu3, which should not be considered a bonding distance and therefore the oxygen is not a bridging ligand in the CcL structure. The two coppers are now 4.9 Å apart, roughly 1 Å more than in TvL and AO, while the Cu3 atom is in a trigonal planar coordination.
The mononuclear copper of the T1 center lies embedded in domain 3, about 6.5 Å below the surface of the enzyme. The copper occupies a depression of the enzyme surface, delimited by a β-turn, belonging to domain 1 and two β-turns of domain 3, which are involved in substrate binding. It is therefore reasonable to assume that the T1 copper is the primary electron acceptor site. The T1 copper is connected to the trinuclear cluster by a His-Cys-His tripeptide, which is highly conserved among 1 2
bmCuOs. The closest distance between the T1 and T2/3 coppers is about 12 Å.
Theoretical electron transfer pathways have been calculated for AO (35) . Due to the high similarity with laccase, alike inferences can be drawn here for TvL. The most favored pathway is predicted from the sulfur of the Cu1-ligating cysteine to its carbonyl oxygen, then via a hydrogen bond to the Nδ1 of His452, which coordinates to Cu2 of the T3 site. In the TvL structure the T1 copper is unlike the classical blue centers trigonal coplanar coordinated. The ligands are supplied by a sulfur atom of a cysteine and by the Nδ1 nitrogen of two histidines (Fig. 6) . Usually, type-1 centers have a sulfur from a methionine as an additional axial ligand. In the case of TvL there is a phenylalanine in this position. The latter has a distance of 3.6 Å from the copper, and does not participate in the coordination. As a consequence of this arrangement, the copper ion lies practically within the plane formed by the two nitrogen and one sulfur ligands, whereas in the case of copper proteins possessing an additional axial ligand, the copper lies above the plane towards the sulfur ligand.
Thus the coordination of the T1 Cu in TvL is different to the ones found in e.g. AO, azurin, and plastocyanin, which supply an additional axial ligand. The situation is comparable to the T1 copper site of CcL, which has a leucine in the position of the potential axial ligand and obviously can not coordinate the copper too. Comparison of the Cu-N/S distances shows that they are similar in both fungal laccase structures (Tab. IV), although they appear somewhat longer in TvL. The significance of these differences, albeit small, is discussed below.
Discussion
The first crystal structure of an active laccase containing a full complement of coppers has been determined to high resolution. We solely attribute the success of by guest on November 6, 2017
http://www.jbc.org/ Downloaded from obtaining good diffracting crystals to the preparation of an isozyme sample to apparent iso-electrophorectic homogeneity. This structure allows a detailed insight into the geometry of the four cooper sites in the intact enzyme in this, the smallest of the family of blue multi-copper oxidases.
A comparison of the trinuclear cluster and its environment in TvL with that of other known structures of this enzyme family shows that it is structurally highly conserved. This is true for the Cu-geometry, for the two channels, which provide access for molecular oxygen to and release of water from the T2/T3 cluster, as well Contrary to other blue copper oxidases, the coordination of the T1 copper i n TvL and CcL is trigonal coplanar. The typical coordination of type-1 coppers i n bmCuOs and in the small copper enzymes consists of two histidines, one cysteine and one axial methionine and is therefore 4-fold. Axial coordination has been considered to be one factor affecting the redox potential of copper enzymes (38, 39) .
Mutational studies on azurin showed that the substitution of methionine by a leucine resulted in an increase of the E 0 by about 0.1 V (40). In CcL, which has a redox potential of 550 mV, the axial position is occupied by a leucine, while i n TvL with a redox potential of 800 mV, there is a phenylalanine in the corresponding position. Thus, it has been speculated that a phenylalanine in the axial position is responsible for the very high E 0 of TvL. However, Neurospora crassa laccase with a leucine in the axial position also has a high E 0 of 780 m V .
Furthermore, by mutagenesis studies it was demonstrated that a Leu-Phe mutation of this axial residue had virtually no influence on the redox potential (15) . All these data suggest that other factors are more important.
With the structure determination of TvL, structural information is now available of a high E 0 laccase, which can be compared to the structure of the low E 1 5 structural components, which could cause the longer Cu-N bond and which could also be found in other high E 0 laccases. Superposition of the two structures revealed that a small α-helix (residues 455-461), that carries the Cu T1 ligating His458 in TvL, is displaced away from the copper, compared to its corresponding position in CcL (Fig. 7) . A hydrogen bond between Glu460 and Ser113, the latter being situated in the opposite domain 1 (Fig. 8) seems to be responsible for this.
Interestingly, this particular serine is one of the three residues in the generously allowed region of the Ramachandran plot. It is presumably forced by the hydrogen bond into an unfavorable main chain conformation. As a consequence of the attractive H-bond interaction, the whole helix, which contains His458, is pulled towards domain 1, thus increasing the Cu-N distance (Fig. 8) . In CcL the position of the Glu460 is taken by a methionine that cannot form such a hydrogen bond.
Moreover, the position corresponding to Ser113 is a glycine in CcL. It might be argued that the difference in the Cu-N bond lengths is statistically not meaningful, since an estimate of the coordinate error calculated with the method described by Luzatti (41) , gives a value of 0.16 Å. As pointed out earlier by Baker bond lengths -for the copper type-1 -can not be given. However, the mechanism suggested above and its possible effect on the redox potential is supported by the structural evidence (the presence of the Ser-Glu hydrogen bond) and in particular by a comparison of the available sequences and their correlation with known redox potentials of laccases. These sequence data reveal that a glutamic acid in the position corresponding to Glu460 and a serine corresponding to Ser113 in TvL is a highly conserved feature amongst high E 0 enzymes, as well as in some laccases of ligninolytic fungi with unknown E 0 . We would assume that the latter most likely are also high E 0 enzymes.
Previously, a Leu-Glu-Ala tripeptide, immediately following the Cu ligating His458, has been assumed to be characteristic for the high E 0 laccases (15) . The glutamate in this peptide corresponds to the aforementioned Glu460 in TvL.
Moreover, TvL has such a Leu-Glu-Ala sequence typical for the high E 0 laccases, while CcL has Leu-Met-Asn in the equivalent position. In an attempt to tune the redox potential of recombinant laccases, the high E 0 sequence was inserted into low E 0 enzymes and vice-versa (15) . Although marginal changes in the phenoloxidase activity were observed, which could be explained by the fact that this peptide is part of the substrate binding pocket, the redox potential was not affected.
The lack of an appropriate counterpart in these studies, being equivalent to Ser113, could explain why they were unsuccessful in increasing the redox potential of the low E 0 form.
It has been demonstrated previously that an axial methionine ligand at the T1 copper is responsible for a change in the redox potential of about 100 m V .
Additional structural determinants, which could be utilized by blue copper oxidases to tune the potential over a larger range, have been lacking so far. Based Carbohydrates and disulfide bonds are included as stick models.
Fig. 3. Electron density of TvL around the N-terminus (A) and C-terminus (B).
The two maps are calculated with (2F o -F c )exp(ια c ) coefficients and are contoured at 1.8 σ levels. Thin lines represent the hydrogen-bonding network by which residues Ala1 and Gln499 are stabilized. by guest on November 6, 2017
